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a  b  s  t  r  a  c  t
Gd  oxidizes  preferentially  at the  (0  1 0)  surface  of Gd5Ge4.  This  is  consistent  with  thermodynamic  data  for
the bulk  oxides.  Upon  oxidation  in vacuum,  the  gadolinium  oxide  displaces  or covers  the  Ge.  Oxidation
is  more  extensive  at 600  K than  at 300  K,  because  more  oxygen  is  incorporated  into  the surface  and  the
shift  of  the Gd  binding  energy  is  larger.
© 2011 Elsevier B.V. All rights reserved.
1. Introduction
The Gd5Si4 and Gd5Ge4 binary systems [1],  plus the pseudobi-
nary Gd5(SixGe1−x)4 [2],  were discovered in the 1960s by Smith
et al. and Holtzberg et al., respectively. These systems are of interest
because of their magnetic and thermomagnetic properties [3–5].
Giant magnetiocaloric effects were discovered in these systems in
1997 by Pecharsky and Gschneidner [6].  This and other proper-
ties such as giant magnetoresistance [7],  spontaneous generation
of voltage [8],  metastability [9],  and phase separation [10] may lead
to new refrigeration and other energy conversion technologies.
Previous work has suggested that small amounts of interstitial
oxygen can affect the coupled structural and magnetic phase tran-
sition in Gd5Si2Ge2 [11]. Presumably, oxygen locks in the relative
positions of loosely coupled, slab-like structural units in this type
of compound. It has been postulated that oxygen has this effect
because it occupies interstitial sites between the slabs. If this is
correct, then oxygen would affect the magnetic transition temper-
ature, and would reduce the magnetocaloric effect by eliminating
the structural transition that often increases the total entropy
change during the coupled magnetostructural transitions. Hence,
it is important to understand the effect of oxygen in these systems.
Our primary focus here is on surface oxidation of the Gd5Ge4
phase. We  choose the (0 1 0) surface because it is the closest-
packed, meaning that it is likely to be the most stable surface. We
∗ Corresponding author at: Ames Laboratory and Department of Chemistry, Iowa
State University, Ames, IA 50011, United States.
E-mail address: cyuen@iastate.edu (C.D. Yuen).
will show that Gd oxidizes preferentially at this surface and that
the oxide covers or displaces Ge.
2. Materials and methods
We  used a single crystal of Gd5Ge4, synthesized at the Materials
Preparation Center of the Ames Laboratory [12], and cut to expose
the (0 1 0) surface. X-ray photoelectron spectroscopy (XPS) experi-
ments were performed with an Omicron X-ray source (Al K), and
an Omicron EA 125 hemispherical electron energy analyzer. The
XPS source was perpendicular to the sample plate, and the take-off
angle (the angle between the entrance axis of the analyzer and the
sample surface plane) was 45◦. The angular acceptance range was
±8◦. The aperture used in the EA 125 analyzer was 6 mm × 12 mm.
The Gd 3d5/2 peak, with a binding energy of 1186 eV, was cho-
sen for analysis because it was  most intense. The Ge 2p1/2 peak, at
1248 eV, was  chosen because it was  the most intense peak that did
not overlap with a Gd peak. (The Ge 2p3/2, which is more commonly
used for surface analysis, overlapped with the Gd 3d3/2 peak.) XP
spectra were analyzed with CasaXPS software [13]. The accuracy in
determining binding energies, both for Gd and Ge was ±0.2 eV.
3. Results
After the Gd5Ge4 sample was initially placed in UHV, its com-
position was checked with XPS. This revealed carbon and oxygen
contaminants. It was  then sputtered at 300 K for several minutes.
This process was  repeated several times until there was  no carbon
detectable by XPS, and a small, invariant O 1s peak remained. (The
source of the oxygen will be discussed below.) Fig. 1a shows the
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Table 1
Measured binding energies of Gd 3d5/2 and Ge 2p1/2 under various conditions of surface preparation. Literature values are given for comparison.
Peak Surface condition Measured binding energy (eV) Literature values of pure metal and oxide
Gd 3d5/2 Cleaned by ion bombardment alone at 300 K 1186.1
Pure Gd: 1186.0–1186.9 eV [15,16]
Gd2O3: 1187.0–1189.5 eV [15]
Cleaned by ion bombardment, then annealing to 900 K 1186.2
Air-oxidized 1187.3
Oxidized in UHV at 300 K 1187.0
Oxidized in UHV at 600 K 1187.5
Ge 2p1/2 Cleaned by ion bombardment alone at 300 K 1247.1
Pure Ge: 1247.0–1248.2 eV [15]
GeO2: 1250.6–1251.0 eV [17]
Cleaned by ion bombardment, then annealing to 900 K 1247.4
Air-oxidized 1247.5
Oxidized in UHV at 300 K No peak
Oxidized in UHV at 600 K 1248.2
evolution of the Gd 3d5/2 peak, and Fig. 1b shows that of the Ge 2p1/2
peak, while the air-exposed sample was sputtered. The curves at the
top are the contaminated surface, and those at the bottom are the
clean surface. First, consider intensities. The intensity of the Gd peak
decreases, and that of the Ge peak increases, as material is removed.
Next, consider the peak positions (binding energies). The vertical
dotted lines in Fig. 1 represent the initial (top) and ﬁnal (bottom)
positions of the Gd and Ge peaks. Initially, the Gd and Ge peaks
are at binding energies of 1187.3 eV and 1247.5 eV. After 118 min
of Ar+ sputtering, they shift down to 1186.1 eV and 1247.1 eV, a
change of −1.2 eV and −0.4 eV, respectively. The downward shift
in binding energies can be explained by a transition from a more
highly oxidized to a less oxidized surface. Key binding energies are
summarized in Table 1.
In a separate set of experiments, the surface was  annealed
at 900 K to restore the surface atomic structure after ion bom-
bardment. This did not change the intensity of the small residual
oxygen peak at 531.1 ± 0.4 eV, which was present also after ion
Fig. 1. X-ray photoelectron spectra showing (a) Gd 3d5/2 and (b) Ge 2p1/2 peaks
after exposure to air at 300 K. The top curves represent the air-exposed surface, and
bottom curves the clean surface. The dashed lines mark the initial and ﬁnal peak
positions. Curves are displaced vertically to avoid overlap.
bombardment without annealing. It is apparent in the top curve of
Fig. 2a. Its intensity corresponds to a concentration of 1.4 ± 0.7 at%.
The constant presence and level of this residual oxygen, indepen-
dent of sample treatment, suggests that a low level of oxygen is a
bulk constituent.
After annealing, the sample was exposed to oxygen by backﬁll-
ing the UHV chamber with O2 at a pressure of 10−7 Torr for 1000 s.
This equals an exposure of 100 Langmuir (L).
The sample was  held at two temperatures, 300 K and 600 K,
during oxygen exposure. The results for 300 K are shown in
Fig. 2, and for 600 K in Fig. 3. In both ﬁgures, top curves repre-
sent the initial surface, and bottom curves represent the surface
after oxygen exposure. Upon exposure to oxygen, the O 1s peak
increases strongly and its binding energy shifts downward, to
529.8–530.0 eV, as shown in Figs. 2a and 3a.  This indicates that
oxygen adsorbs in both cases, i.e. the adsorption probability is
substantial.
Fig. 2. X-ray photoelectron spectra showing (a) O 1s, (b) Gd 3d5/2, and (c) Ge 2p1/2
peaks after 100 L of O2 exposure within the UHV chamber at 300 K. Curves are
displaced vertically to avoid overlap. The intensity scale is the same for all frames.
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Fig. 3. X-ray photoelectron spectra showing (a) O 1s, (b) Gd 3d5/2, and (c) Ge 2p1/2
peaks after 100 L O2 within the UHV chamber at 600 K. Curves are displaced vertically
to  avoid overlap. The intensity scale is the same for all frames.
4. Discussion
With regard to the Gd and Ge peak intensities, the oxygen
adsorption experiments in Figs. 2 and 3 show the reverse of the
trends during cleaning the air-oxidized surface as in Fig. 1. Adsorp-
tion of oxygen causes the Gd intensity to increase (slightly), and
the Ge intensity to decrease. In fact, the Ge peak almost disappears
after exposure to 100 L oxygen. It seems that Ge is displaced from
the surface, or perhaps preferentially covered by oxygen, as a result
of Gd oxidation.
Second, consider the shift in position of the Gd peak. The peak
moves up in binding energy by 0.8 eV at 300 K—from 1186.2 eV to
1187.0 eV. Its binding energy also shifts upward, but by a larger
amount (1.3 eV) at 600 K—from 1186.2 eV to 1187.5 eV. An upward
shift in binding energy is typical for a metal when it oxidizes. The
larger shift in the binding energy at 600 K than at 300 K supports
the hypothesis that surface oxidation is enhanced at the higher
temperature, correlating with a larger oxygen uptake.
To put the extent of oxidation on a more quantitative basis, we
have deconvoluted the Gd 3d5/2 peak into a peak representative of
the clean surface, and a peak representative of the oxidized state
of Gd. This is shown in Fig. 4, where Fig. 4a shows the spectrum of
the clean surface, Fig. 4b the oxidized surface at 300 K, and Fig. 4c
the oxidized surface at 600 K. The position and width of the peak
in Fig. 4a are used to ﬁx the low-binding-energy component in the
ﬁtted spectra of Fig. 4b and c, at 1186.2 eV. The spectra in Fig. 4b and
c are ﬁt well by addition of a second component at higher binding
energy, 1189.1 eV. Its relative intensity is higher after 600 K oxida-
tion than after 300 K oxidation, conﬁrming that oxidation is more
extensive at higher temperature.
It is also informative to compare the absolute XPS peak posi-
tions with published values. The stable form of gadolinium oxide
is Gd2O3 [14]. For this oxide, the Gd 3d5/2 binding energy is in
the range 1187.0–1189.5 eV, according to the literature [15]. Our
value for oxidized Gd is at 1189.1 eV, based upon peak-ﬁtting.
This is compatible. The energy range for clean elemental Gd is
1186.0–1186.9 eV [15,16]. Based upon peak-ﬁtting, our value is
1186.2 eV, which is also compatible.
For Ge, the stable form of the bulk oxide is GeO2 [14]. For this
oxide, the Ge 2p1/2 binding energy is in the range 1250.6–1251.0 eV
[15,17]. In the air-exposed sample, we ﬁnd the Ge 2p1/2 peak at
1247.5 eV. This lies 3.1 eV outside the range expected for GeO2.
The measured value of the air-oxidized sample does, however, fall
within the range for pure Ge, which is 1247.0–1248.2 eV [15]. After
oxidation in vacuum, the Ge 2p1/2 peak is very small and its position
is difﬁcult to determine accurately, but it is still not compatible with
GeO2. Taken together, these observations indicate that Gd oxidizes
but Ge does not.
Preferential oxidation of Gd in Gd5Ge4 is consistent with the
hierarchy of enthalpies of formation of the bulk oxides of Gd and
Ge. At room temperature, they are −1819.6 kJ/mol for Gd2O3, and
−551.0 kJ/mol for GeO2 [14]. Thus, preferential oxidation of Gd is
thermodynamically driven.
A similar effect occurs at surfaces of three other rare earth alloys:
LaNi5 [18], UNi2, and UNi5 [19]. In those cases, as here, the rare
Fig. 4. Deconvoluted X-ray photoelectron spectra of Gd 3d5/2 peak showing the surface (a) after cleaning by ion bombardmant and then annealing to 900 K, (b) after 100 L
O2 exposure at 300 K, and (c) after 100 L O2 exposure at 600 K. The vertical intensity scale is the same for all frames.
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earth oxidizes preferentially and the other component is effectively
displaced from the surface. This phenomenon is driven by the well-
known stability of the rare earth oxides.
5. Conclusions
We have found that Gd undergoes preferential oxidation at the
(0 1 0) surface of Gd5Ge4. This is consistent with thermodynamic
data for the bulk oxides. Upon oxidation in vacuum, the gadolin-
ium oxide displaces or covers the Ge. Oxidation in vacuum is more
extensive at 600 K than at 300 K, based upon the observation that
more oxygen is incorporated into the surface and the shift of the Gd
binding energy is larger. A small amount of oxygen (about 1.4 at.%)
is a bulk constituent in this sample.
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